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The related transcription factors SOX11, SOX4 and SOX12 (classified as the SOXC family) compete for the
same target genes. SOX11 is expressed in most mantle cell lymphomas (MCL) but a small subset is, like
normal lymphocytes, SOX11 negative. Here we report the variable expression of SOX4 and high expression
of SOX12 in MCL compared to non-malignant tissue. Our results show that the expression of the SOXC
genes is highly correlated in SOX11 positive MCL. SOX11 expression is epigenetically regulated but there
are partly conflicting results regarding the underlying mechanisms. Here we report that the SOX11
promoter region is hypomethylated in both MCL and normal B-lymphocytes. Methylation at other sites is
important for sustaining high SOX11 in MCL since treatment with 5-azacytidine decreased SOX11 levels in
SOXI11 positive MCL cell lines: Granta519 and Recl. Furthermore, 5-azacytidine treatment of the SOX11
negative MCL cell line, JVM2, induced SOX4 but not SOX11.

he neuronal transcription factor Sry-related high-mobility-group box 11 (SOX11) is normally expressed

during embryogenesis and is critical for survival of neuronal and mesenchymal progenitor cells'. SOX11,

SOX4 and SOX12 constitute the SOXC family of transcription factors that compete for certain transcrip-
tional targets in vitro® and have partly overlapping functions in vivo'. SOX4 is of importance for B cell develop-
ment’ while the role of SOX11 and SOX12 in hematopoiesis remains largely unknown. SOX11 was recently found
to be expressed in mantle cell lymphoma (MCL) and in subsets of hairy cell leukemias, Burkitt lymphomas, B cell
lymphoblastic leukemias but not in other B cell lymphomas or in normal B lymphocytes*”. Importantly, a small
subset of MCL lacks expression of SOX11 and these have been suggested to differ from SOX11 positive MCL in
several aspects: SOX11 negative MCL harbor less chromosomal aberrations and hypermutated immunoglobulin
receptor genes® but are also more often p53 positive by immunohistochemistry’. SOX11 has also been suggested
to be of prognostic importance in MCL”*'* but recent studies have indicated that SOX11 cannot be used as a
predictive marker for aggressive or indolent disease’.

MCL harbour high number of genetic aberrations but none involving the SOX11 genomic region at chro-
mosome 2p25'. Instead, epigenetic mechanisms have been suggested to regulate SOX11 expression in MCL.
Gustavsson et al.'> suggested that promoter methylation is responsible for the differential expression of SOX11 in
various types of lymphomas. Interestingly, low methylation of the SOX11 promoter was found both in SOX11
positive cell lines (n = 6) and primary MCL (n = 4), as well as in SOX11 negative MCL cell lines (n = 2). High
level of SOX11 promoter methylation was described in follicular lymphoma (3 cell lines and 5 primary FL) and
diffuse large B cell lymphoma (4 cell lines and 1 primary DLBCL)*. In contrast, a thorough investigation of
SOX11 expression during lymphoid development and in various lymphoid malignancies suggested that SOX11 is
regulated by histone modifications rather than promoter methylation'’.

In this study we investigate if the levels of promoter methylation correlate to SOX11 expression in MCL. The
other members of the SOXC group of transcription factors, SOX4 and SOX12, were also investigated in MCL and
non-malignant lymphocytes.

Results

Expression of SOX11, SOX4 and SOX12 in MCL and non-malignant lymphoid tissue. We investigated SOX11
expression by immunohistochemistry in primary cyclin D1 positive MCL, all carrying the t(11;14)(q13;q32), and
in non-malignant tissue from tonsil, lymph node and spleen. The characteristics of the primary MCL cases and
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the non-malignant tissue are presented in Table 1. Nuclear positivity
for SOX11 was detected in 24/27 primary MCL cases that could be
immunohistochemically analyzed while 3 cases (MCL-21, MCL-22
and MCL-23) and the non-malignant lymphoid tissue lacked SOX11
expression (Table 1 and supplementary Figure SI).

Based on the current literature, suggesting partially overlapping
functions of the SOXC transcription factors, we hypothesized that
SOX11 negative MCL may highly express other SOXC genes. It was
therefore of interest to investigate the mRNA levels of the SOXC
transcription factor family members SOX11, SOX4 and SOX12, in
the primary MCL cases, in the MCL cell lines Granta519, Recl, JeKo
and JVM2 and in the non-malignant lymphoid tissues from lymph
node, spleen and tonsil (Figure 1a, b, ¢). The mRNA expression levels
in MCL and non-malignant tissue were normalized to tonsil B cells.
A high expression of SOX11 (median 500-fold compared to non-
malignant B cells) was detected in most of the primary MCL. The
three primary MCL (MCL-21, MCL-22 and MCL-23) that lacked
SOX11 protein expression by immunohistochemistry had very low
levels of SOX11 mRNA (SOX11 negative MCL). Two of these
patients had a leukemic disease with bone marrow involvement
and a clinically indolent disease presentation, while the third case
was an aggressive blastoid variant of MCL. Analysis of SOX4 mRNA
levels showed that 13/29 MCL cases had lower expression levels than
the non-malignant tissues, 6/29 had comparable SOX4 mRNA levels
to non-malignant tissues, while 10/29 MCL cases had higher SOX4
mRNA levels than tonsil B cells. SOX12 mRNA in 2/29 samples was
comparable to tonsil B cells while in the remaining 27 MCL samples
SOX12 mRNA was expressed 2- to 22- fold more than in non-
malignant B cells. The three SOX11 negative MCL cases, MCL-21,
MCL-22 and MCL-23, expressed SOX12. The expression of SOXC
genes in MCL cell lines is varied. Granta519, Recl and JeKo carried

860, 60 and 550 times higher SOX11 mRNA than non-malignant B
cells, while SOX11 was not detected in the JVM2 cell line. The levels
of SOX4 mRNA in Granta519 and Recl was comparable to non-
malignant B cells, while in JeKo SOX4 was nearly 15 times upregu-
lated. The SOX4 level was 10 times lower in JVM2 than in control B
cells. In Granta519, Recl and JVM2 the SOX12 levels were approxi-
mately 3 times higher than in non-malignant B cells, while JeKo
overexpressed SOX12 around 35 times. Thus, among cell lines tested
only JeKo had increased mRNA levels of all SOXC genes. We also
looked at the SOXC mRNA levels in MCL in relation to the house-
keeping gene B-actin (presented as delta Ct) to compare the mRNA
of SOXC genes between each other in every sample. The mRNA
levels within each primary sample showed that 20/26 SOX11-pos-
itive MCL express higher or comparable absolute levels of SOX11
mRNA (thus as lower delta Ct value) than SOX4 and SOX12. All
SOX11-negative MCL and non-malignant B cells expressed higher
absolute mRNA levels of SOX4 and SOX12 than SOXI11 (supple-
mentary Figure S2).

We also investigated whether there was any correlation between
the expression levels of the three SOXC genes. When this was tested
in all MCL and non-malignant cases, SOX4 and SOX11 and SOX12
and SOX11 expression levels were moderately correlated (correlation
coeff. 0,48; p < 0,05 and 0,50; p < 0,05, respectively) and there was
no significant correlation between SOX12 and SOX4 (correlation
coeff. 0,24, p < 0,5) (supplementary Figure S2). However, among
SOX11 positive cases we found a highly significant correlation
between SOX4 and SOX11 (Spearman’s correlation coefficient:
0,56; p < 0,005), SOX12 and SOX11 (Spearman’s correlation coef-
ficient: 0,63; p < 0,005) and moderate correlation between SOX12
and SOX4 mRNA (Spearman’s correlation coefficient: 0,40; p <
0,005).

Table 1 | Characteristics of primary samples from patients with MCL

sample % tumor cells sex, age (y) SOX11 by IHC tissue blastoid variant proliferation
MCL-1 70 M, 62 pos LN no 10%
MCL-2 78 F,76 pos BM no nd
MCL-3 60 M, 42 pos LN no 20%
MCL-4 76 M, 77 pos LN no 30%
MCL-5 62 F,77 pos LN no 15%
MCL-6 70 M, 77 pos LN no 40%
MCL-7 94 M, 67 pos BM no 20%
MCL-8 80 M, 69 pos spleen no 16%
MCL9 50 F, 65 nd LN no 40%
MCL-10 88 M, 63 pos tonsil no 40%
MCL-11 67 F,75 pos LN no 3%
MCL-12 92 M, 79 pos LN no 23%
MCL-13 76 F, 47 pos LN no 7%
MCL-14 86 F, 61 pos LN no nd
MCL-15 88 M, 72 pos LN no 33%
MCL-16 60 M, 61 pos LN no 40%
MCL-17 92 M, 74 pos LN no 26%
MCL-18 69 M, 75 pos LN no 34%
MCL-19 67 M, 58 pos LN no 51%
MCL-20 70 F,70 pos LN no 37%
MCL-21 60 M, 64 neg Blood*) no nd
MCL-22 75 M, 69 neg Blood*) no 4%
MCL-23 80 M, 80 neg LN yes 41%
MCL-24 70 M, 88 pos LN yes 60%
MCL25 75 M, 68 pos pleural fluid*) yes 45%
MCL-26 66 F, 82 pos LN yes 41%
MCL-27 70 M, 80 pos LN yes 50%
MCL-28 80 M, 69 pos LN yes 60%
MCL-29 91 M, 41 nd tonsil yes 60%
LN 25% B cells M, 13 neg LN n.a. n.a.
spleen 36% B cells M, 84 neg spleen n.a. n.a.
Abbreviations in the table: In: lymph node; bm: bone marrow; n.d.: not detected; n.a.: not available.

*The diagnosis was made on bone marrow.
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Figure 1 | Expression of SOXC mRNA in MCL. Expression levels of (a)
SOX11, (b) SOX4, (c) SOX12 mRNA levels in MCL primary samples,
MCL cell lines and non-malignant tissue. Expression levels were
normalized to tonsil B cells.

The level of SOX11 expression in MCL is not dependent on
promoter methylation. In order to investigate how promoter
methylation correlate to SOX11 expression in MCL, primers
targeting four different CpG rich fragments of the SOXI1
5'flanking region were used (Figure 2a below the chart and

Supplementary Figure S3). Fragment 1 (—954 to —637) contained
69 unique CpG sites, fragment 2 (—343 to —33) contained 50 CpG
sites, both fragments are located in the promoter region. Fragment 3
(—52to 323), located in mRNA start region, contained 52 CpG sites,
three of which were overlapping with fragment 2. Fragment 4 (384 to
784), in the mRNA start region, contained 40 unique CpG sites.
Fragment 2 was partly overlapping (14 CpG sites) with the region
previously described to be determinative for SOX11 expression in
lymphoma cell lines' (for primer design see supplementary Figure
S3). The DNA was treated with the McrBC endonuclease, digesting
DNA at methylation sites. McrBC-digested DNA results in higher Ct
values. The difference in Ct values (ACt) between McrBC-treated
and mock-treated DNA thus corresponds to the number of
methylated CpGs within the amplified fragment. Fragment 1
contained partly methylated CpGs. The methylation of the other
fragments was varied (Figure 2a). Within the entity of MCL there
was no correlation between SOX11 expression pattern and the
methylation status of the amplified fragments 1, 2, 3 and 4 of the
5’flanking region of SOX11. We also used the bisulfite sequencing
approach to verify the promoter methylation status within the MCL
cases investigated. For this we used the primers designed by
Vegliante et al. and analyzed the first four CpG sites since these
were the most informative'®. The vast majority of MCL cases and
MCL cell lines, as well as non-malignant B-lymphocytes and
lymphoid tissue, showed low methylation of the investigated
region of the SOX11 promoter (Figure 2b). Also the SOX11
negative primary MCL cases MCL-21 and MCL-23 and JVM2
were hypomethylated. The SOX11 negative MCL-22 and the
SOX11 negative Burkitt lymphoma cell line Raji (the latter used as
a control) were hypermethylated compared to the other MCL cases
and non-malignant lymphoid tissue (Figure 2b).

5-azacitidine treatment in MCL cell lines causes decrease of SOX11
expression via SOX11 promoter methylation-independent
mechanisms. MCL cell lines were treated with 1 uM of the DNA
methyltransferase inhibitor 5-azacitidine (5-AZA) for 6 days.
Granta519, Recl, JeKo and JVM2 cells were re-cultured in fresh
medium containing fresh 5-AZA every 48 hours. Cell cycle analysis
after 6 days of 5-AZA treatment showed that cells accumulated in the
sub-G1 upon 5-AZA treatment (data not shown). No increase in
SOX11 mRNA expression was detected in the SOX11 negative
MCL cell line JVM2 or in the SOX11 positive cell lines throughout
the treatment with 5-AZA (Figure 3a). Instead, in Granta519 and
Recl, mRNA and protein levels decreased upon 5-AZA treatment
(Figure 3d).

We investigated whether treatment with 5-AZA influenced the
mRNA expression of SOX4 and SOX12. In contrast to SOX11,
SOX4 mRNA remained unchanged in Granta519, Recl and JeKo
cell lines after 5-AZA treatment. However, SOX4 levels in JVM2 cell
line increased 23-fold after 6 days of incubation with 5-AZA
(Figure 3b). SOX12 mRNA levels remained unchanged (Figure 3c).

Discussion

We investigated SOX11 protein and SOX11, SOX4 and SOX12
mRNA expression levels in 29 cases of MCL and in non-malignant
tissue from tonsil, lymph node and spleen. Among MCL primary
cases 26/29 were SOX11 positive and 3/29 (MCL-21, MCL-22 and
MCL-23) and the non-malignant lymphoid tissue were SOX11 nega-
tive. Interestingly, the expression of the three SOXC genes was posi-
tively correlated in SOXI11 positive MCL, suggesting that the
expression of the SOXC genes may be co-regulated.

We studied the potential dependence between the SOX11 express-
ion and SOX11 promoter methylation. Our results confirm the
findings by Vegliante et al. in that we find the SOX11 promoter
region hypomethylated in both SOX11 positive primary MCL cases
and the SOX11 negative case MCL-21 and MCL-23 as well as in all
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b)

CpG1|CpG2|CpG3|CpG4
tonsil B 7 7 18 13
LN 5 5 16 10
spleen 15 15 28 22
MCL-1 4 4 7 7
MCL-2 2 2 4 6
MCL-3 4 4 8 8
MCL-4 5 5 10 8
MCL-5 5 5 10 9
MCL-6 3 3 5 6
MCL-7 2 2 3 5
MCL-8 4 4 4 8
MCL-9 7 6 13 8
MCL-10 7 7 9 8
MCL-11 16 17 24 19
MCL-12 4 3 5 4
MCL-13 3 3 7 4
MCL-14 3 2 3 3
MCL-15 6 6 10 7
MCL-16 3 3 6 4
MCL-17 4 3 6 4
MCL-18 3 3 5 4
MCL-19 6 5 9 7
MCL-20 5 5 9 6
MCL-21 3 g 7 8
MCL-22 38 27 54 53
MCL-23 6 5 8 7
MCL-24 2 2 3 5
MCL-25 2 2 2 5
MCL-26 3 4 6 7
MCL-27 3 2 3 3
MCL-28 4 3 5 5
MCL-29 3 2 2 3
Granta519| 2 2 3 4
Rec1 5 5 9 10
JeKo 1 2 2 4
JVM2 5 4 7 7

Raji | 56 | 67 [[92 [T95]

Figure 2 | The SOX11 promoter methylation level in MCL. (a) methylation level of SOX11 promoter in MCL cases, cell lines and non-malignant cells
shown by the ACt values corresponding to the difference between McrBC-digested and non-digested DNA sequence of four fragments within the SOX11
promoter; the relative location of different fragments is presented beneath the chart on the color-coded graph, black block presents location of
pyroprimers. (b) SOX11 promoter methylation shown by pyrosequencing. The Raji (Burkitt lymphoma) cell line with a hypermethylated SOX11

promoter was used as a control for high methylation.

MCL cell lines tested. Only the SOX11 negative MCL case MCL-22
showed some degree of methylation. Importantly, the SOX11 pro-
moter region was also hypomethylated in non-malignant B-lympho-
cytes and reactive lymphoid tissue, lacking SOX11 expression.

In spite of the fact that only low levels of methylation of SOX11
was found it was considered of interest to analyze the effect of
demethylating agents on the expression of SOXC genes. The decrease
in SOX11 mRNA and protein levels in 5-AZA treated Granta519 and
Recl MCL cell lines and the fact that the SOX11 promoter region is
already hypomethylated in MCL (current data and'>") suggest that

effect of 5-AZA on SOX11 levels might be indirect. Promoter methy-
lation-independent effects of 5-AZA on certain genes were already
reported in MCL", AML', colon cancer" and in breast cancer®.
Vegliante et al. showed that the histone deacetylase (HDAC) inhib-
itor SAHA induced SOX11 expression in JVM2 and Raji cell lines.
Treatment of Raji cells with SAHA at 5 uM markedly increased
SOX11 mRNA levels, while the co-treatment with SAHA and
1 uM 5-AZA was less efficient, suggesting that 5-AZA might nega-
tively influence SOX11 expression'? in line with our results. Moreover,
SOXC group gene regulation may include microRNAs. In endomet-
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Figure 3 | Expression of the SOXC group of transcription factors in 5-azacitidine-treated MCL cell lines. mRNA expression levels (=SEM) of (a)
SOX11, (b) SOX4, (c) SOX12 in MCL cell lines treated with 1 pM 5-azacitidine for 6 days expressed as relative fold change normalized to gene levels at 0
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Exposure times were different for the different cell lines and optimized in order to visualize differences in SOX11 expression over time.
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rial and gastric cancer SOX4 is regulated by miR-129-2""*. The
potential role of microRNA in the regulation of SOX11 expression
in MCL is however largely unknown.

5-AZA treatment has global effects on methylation and gene
expression and may not be the ideal means to study the expression
of single genes. We do however find it interesting that the SOX11-
negative JVM2 cell line expressed higher levels of SOX4 and lower
levels of SOX12 mRNA levels after 5-AZA treatment.

In conclusion our results demonstrate that the SOX11 promoter
region is hypomethylated both in SOXI11 positive MCL and in
SOX11 negative non-malignant lymphoid tissue and heteroge-
neously methylated in SOX11 negative primary MCL cases. The
expression of SOX11 in MCL is therefore regulated by other mechan-
isms than promoter methylation as recently suggested by Vegliante
et al.”. Furthermore, we demonstrate that another member of the
SOXC group of transcription factors, SOX12, is overexpressed in
both SOX11 positive and SOX11 negative MCL compared to non-
malignant lymphocytes. The third member of the SOXC family,
SOX4, is generally less expressed in most MCL compared to non-
malignant B-lymphocytes but could be induced by 5-AZA in the
SOX11 negative MCL cell line JVM2. In primary SOXI11 positive
MCL the expression of the SOXC group of genes were positively
correlated, suggesting common regulatory mechanisms. The role
of the SOXC group of genes in lymphoma pathogenesis is largely
unknown. Since this group of transcription factors have been shown
to have partly overlapping functions in gene regulation in vitro and
during embryogenesis the differential expression in MCL might have
important, but yet not well characterized, functions in MCL biology.

Methods

Reagents. 5-azacitidine (Sigma-Aldrich) was diluted in cell culture medium to
500 pM concentration, aliquoted and kept at —80°C until used.

Patient samples and control tissues and cells. Cells were isolated as described
previously', viability frozen in DMSO according to the biobank procedures at
Karolinska University Hospital Huddinge and stored in —135°C or the cell pellet was
frozen at —80°C. Non-malignant B cells from a hyperplastic tonsil were purified by
magnetic bead separation. After separation the sample contained 80% of B cells.

Cell culture. Granta519, Recl, JeKo, JVM2 MCL cell lines and primary cells were
obtained and cultured as previously described'. Prior to setting up experiments, cells
were cultured overnight (cell lines) in fresh RPMI + GlutaMax (Invitrogen) with 10%
FBS (Invitrogen). The cell concentration at the start of each experiment was

0.5 X 10°/ml. Cells were counted and recultured with 1 uM 5-AZA every 48 hours.

RNA isolation and cDNA synthesis. RNA was isolated using the RNeasy Plus mini
kit (Qiagen) according to the manufacturer’s protocol. Quantification and quality of
the RNA preparations were measured using the NanoDrop ND-1000
spectrophotometer (Saveen Werner). Complementary DNA (cDNA) was
synthesized using the Omniscript Reverse Transcription (RT) kit (Qiagen) according
to manufacturer’s protocol. RNaseOut Recombinant Ribonuclease inhibitor and the
Oligo dT primers used were purchased from Invitrogen.

Quantitative PCR (QPCR). mRNA expression levels of SOX4, SOX11 and SOX12
were assessed by Real-Time PCR using Platinum SYBR Green qPCR Supermix-UDG
(Invitrogen) according to the manufacturer’s protocol. Primer sequences
(Eurogentec) for the selected genes are shown in Supplementary Table 1. Each sample
was prepared in triplicates in a 96 well plate (BioRad) and the reactions were
performed with the C1000 Thermal cycler (BioRad). An initial step was performed at
95°C for 2 min, followed by 40 cycles of 95°C for 15 seconds and finished by 57°C for
30 sec. The results were analyzed and cycle threshold (Ct) values of transcripts were
quantified using CFX manager software (BioRad). The ACt values were calculated
using B-actin as reference. Tonsil B cells were used as control to calculate the AACt
value and to determine the relative fold increase (RFI).

DNA extraction and McrBC-based methylation assay. DNA was isolated using
Gen-Elute Mammalian Genomic DNA MiniPrep Kit (Sigma Aldrich) according to
the manufacturer’s protocol. 800 ng DNA was incubated with the mastermix
containing McrBC or mock-mastermix (according to the manufacturer’s guidance,
New England Biolabs) for 2 hours at 37°C, followed by 15 min at 65°C. Then the
selected DNA fragments (Supplementary Table S1) were amplified by qPCR using
SYBR Green PCR Master Mix (Applied Biosystems). Each sample was prepared in
duplicates in a 96 well plate (BioRad) and the reactions were performed with the
C1000 Thermal cycler (BioRad). An initial step was performed at 95°C for 2 min,
followed by 40 cycles of 95°C for 15 sec, 56°C for 30 sec and 72°C for 30 sec. The

results were analyzed and cycle threshold (Ct) values of transcripts were quantified
using CFX manager software (BioRad). The ACt values were calculated as a difference
between Ct of McrBC-treated versus mock-treated DNA.

Bisulfite treatment and pyrosequencing analysis. The bisulfite treatment was
performed using the kit EZ DNA Methylation-Gold Kit (Zymo Research) according
to the manufacturer’s protocol. Pyrosequencing was performed using PyroMark Q24
system (Qiagen). Proteinase K was from Sigma Aldrich.

Western blotting. Cells were harvested, washed in PBS and lysed in ice-cold RIPA
buffer (Sigma Aldrich) supplemented with protease inhibitors cocktail IIT (Sigma
Aldrich). Protein concentrations were determined using bicinchoninic acid (BCA)
assay according to manufacturer’s protocol (Pierce). 30 ug proteins were resolved by
electrophoresis on a 10% or 12% NuPAGE Bis-Tris gel (Invitrogen) in MES buffer
(Invitrogen) under denaturing conditions. Subsequently, the proteins were
transferred onto a PVDF membrane (Millipore) using semi-dry method and blocked
in 10% dry milk in TBST for 1 hr at RT. Both primary and secondary antibodies were
diluted in 5% dry milk in TBST. Membranes were incubated with primary rabbit
polyclonal anti-SOX11 antibody (1:1000) (Atlas Antibodies AB) over-night at 4°C,
washed and then probed with HPR conjugated donkey anti-rabbit antibody (1 : 5000)
for 2 hours at RT (GE Healthcare). For loading control, membranes were treated with
SG substrate (Vector Laboratories) before re-probing with mouse monoclonal actin
antibody (1:5000) (Santa Cruz Biotechnology, Inc.) and HRP conjugated anti-mouse
antibody (1 :5000) (GE Healthcare Life Sciences). Blots were incubated with Western
Lightning Plus-ECL enhanced chemiluminescence substrate (PerkinElmer, Inc.) for
5 min and wet developed (Kodak Developer and Fixer, Sigma Aldrich) on the
Amersham Hyperfilm ECL (GE Healthcare).

Ethical permission. This study was approved by The Ethics Committee at Karolinska
Institutet.
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